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Abstract 
In this study, several conditions in a 9 MW heavy fuel-oil boiler were numerically studied in order to get a better 
understanding of the application of HiTAC in such a boiler. Simulations were done with an Euler- Lagrange 
approach. The Eddy Dissipation model was used for combustion. Simulation results showed that by recycling 
various ratios of flue gas into the primary and secondary air, a more uniform temperature distribution can be 
achieved. Besides, thermal NOX can be reduced to a lower level. Radiation from soot has shown to have a 
considerable influence on the predicted temperature profiles. It can reduce the peak temperature by 140 K in the 
case with hot combustion air. 
 
1. Introduction  
High temperature air combustion (HiTAC) has 
been investigated and applied in industry for more 
than one decade since being introduced [1,2,3,4,5]. In 
this combustion regime, fuel is oxidized in an 
environment where combustion air is highly diluted 
by a substantial amount of inert flue gases. Its 
temperature is above that of auto-ignition. Thus 
chemical reactions occur in a distributed zone with a 
reduced peak temperature [2,6]. As a result, the 
temperature distribution is more uniform, the net 
radiation flux can increase by as much as 30% [1], 
sound generated is lowered and pollutant emissions, 
NOX in particular, are much lower than that of 
conventional combustion. The key features of this 
high-efficiency combustion process can be utilized to 
lead to simpler, cheaper and more reliable designs of 
boilers, with very low emissions of harmful species. 
Gains could be significant especially for heavy fuel-
oils. The HiTAC combustion process lends itself 
ideally for the combustion of all sorts of “difficult” 
fuels, ranging from low-calorific gases such as waste-
gases, to heavy fuel-oils. 
However, to date little is known about spray 
combustion under HiTAC condition [6], especially 
about heavy fuel-oil. The IFRF carried out semi-
industrial scale tests using both a light and a heavy 
fuel oil in 1998. Realization of flameless combustion 
for the light oil was straightforward. It was difficult 
to visually determine where the combustion takes 
place since the whole furnace glows without any 
visible presence of flames. In contrast, the heavy fuel 
oil flames were luminous and particulate emissions of 
around 400 mg/Nm
3
 [7,8]. However, in Seng-Rung 
Wu’s study [9], reduction of NOX was observed in 
heavy fuel-oil combustion. The penetration depths of 
the jets and the role of buoyancy, employing different 
locations of fuel oil atomizer in the burner, were 
found important for the mixing of fuel oil with high 
temperature air and for the resultant NOX emission. 
Several configurations were studied. Two special air-
assisted oil atomizers, the effervescent atomizer and 
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the double mixed-vortex atomizer (DMV) were 
developed to overcome coking of the heavy fuel oil 
in the oil atomizer during the regenerator mode. It 
indicates that the implementation of HiTAC for 
heavy fuel oil requires more investigations on mixing 
of reactants and the corresponding chemical 
mechanisms. 
In order to investigate the feasibility of the 
application of heavy fuel-oil combustion with HiTAC, 
an industrial 9 MW boiler at Stork Thermeq B.V. will 
be used in the near future. In the present study, 
several realizable conditions were numerically 
studied in order to get a better understanding of the 
influence of primary and secondary air flow on 
combustion characteristics and NOX emissions in this 
boiler. 
 
2. Experimental setup 
The industrial boiler in the present study functions as 
a test-bed for various burner designs at Stork 
Thermeq B.V., with air preheating facility and 
multiple independent combustion air supplies. The 
furnace room is around 3 m high and around 4.4 m 
deep. The back of the furnace is partly water-cooled 
and some evaporator tubes are present at the side 
walls. The boiler produces up to 12 ton/h of steam at 
a pressure of 20 bar. A sketch of the boiler is shown 
in Fig.1. 
 




Fig.2. Picture of the DRB burner and a schematic 
view of the burner 
 
       
Fig.3. Geometry of the impeller and atomizer in the 
simulation 
 
The burner used in this boiler is a Stork Double 
Register Burner (DRB), using an enhanced Y-jet 
steam assisted atomizer. The steam is injected with 
the oil in a small channel and this mixture is 
atomized as it exits the channel. The atomizing steam 
pressure is 1.5 bar above the oil pressure. Fig.2 
shows a picture and the schematic view of the DRB 
burner. This burner has a proven track record for 
stable and low-NOX combustion of a large fuel 
envelope of liquid as well as gaseous fuels. A typical 
feature of this burner type is the staged supply of 
combustion air, using a high amount of rotation. In 
the sub-stoichiometric primary flame zone, fuel-
bound nitrogen is supposed to be converted to N2, 
whereas in the secondary or burnout zone the 
remainder of the fuel is combusted at a low flame 
temperature due to the combustion products of the 
primary zone. The primary air and secondary air go 
through two separated tunnels in the windbox and 
rotate before being injected into the boiler because of 
the swirl vanes in air registers shown in Fig.2. As 
shown in Fig.3, the stabilizer consists of 12 impeller 
blades by which the atomizer with two sets of oil 
outlets is surrounded. The diameter of the inner 
outlets is 2.1 mm while the outer is 1.9 mm.  
A typical obtained NOx emission for heavy fuel-
oil firing was 550 mg/m0
3
@3%O2 at a firing 
condition of 4.7 MW and 4vol%,dry O2 in the flue 
gases [10]. 
 
3. Mathematical models and boundary conditions 
3.1. Computational domain, grid and turbulence 
model 
Due to the asymmetric geometry of the boiler 
and the burner as well as the atomizer, full 3D 
simulations are carried out. The computational 
domain consists of the furnace room, the burner and 
the windbox as shown in Fig.1. Since there is no 
reaction near the swirl vanes in the air registers or in 
the windbox, and the presence of them lead to 
considerable computational cost, the numerical 
simulation of heavy fuel-oil combustion in this boiler 
is divided into two steps. 
 
Fig.4. 3D mesh of the computational domain  
a) b): cold state with about 7.5million cells  
a): hot state with about 5 million cells 
 
In the first step, the whole computational domain 
with the air registers and windbox is modelled 
without a burning spray (cold state), see Fig.4. The 
calculated velocity components, the kinetic energy k, 
and the turbulent dissipation  , at a cross-section 
between the stabilizer and the air registers are 
obtained. In the second step, a computational domain 
downstream this cross-section is employed and the 
calculated profiles of air flow at this cross-section are 
used as inlet boundary conditions for the simulation 
with heavy fuel-oil combustion (hot state). This 
arrangement allows finer grid in the flame zone, 
especially in the region close to the atomizer with 
high speed of steam. 
As a result, a 3D mesh with about 7.5 million 
cells for the cold state and one with about 5 million 
cells for the hot state are used in the present study (as 
shown in Fig.4). Based on the comparative analysis 
of the grid and flow characteristics, the standard k-  
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turbulence model with the standard wall function for 
the near-wall treatment is employed. 
 
3.2. Spray model  
Since the properties of the used heavy fuel-oil, as 
well as the detailed reaction mechanism are not well 
known yet, the heavy fuel-oil in the simulation is 
treated as one single component. Droplets of the fuel 
are assumed to be fully atomized as spherical 
droplets of various sizes, with the Rosin- Rammler 
distribution and a cone angle of 6

according to the 
empirical data.  
 The motions of the droplets in the turbulent 
combustion flow field are calculated using a 
stochastic tracking method so that the momentum, 
mass, and energy exchange between the droplets and 
the gas phase can be simulated by tracking a large 
number of droplets.  
Since the droplets are injected into the boiler by 
the steam-blast atomizer and are supposed to be well 
atomized, no secondary break-up or collision process 
is taken into account in the simulation. 
The rate of vaporization is governed by gradient 
diffusion, with the flux of droplet vapour into the gas 
phase related to the difference in vapour 
concentration at the droplet surface and the bulk gas. 
The concentration of vapour at the droplet surface is 
evaluated by assuming that the partial pressure of 
vapour at the interface is equal to the saturated 
vapour pressure at the droplet temperature. 
 
3.3. Radiation and combustion model 
Radiative heat transfer can not be neglected in 
the simulation of heavy fuel-oil combustion. It 
contributes to reduce the temperature gradient in the 
boiler through the presence of CO2, H2O and soot. 
The Discrete Ordinates (DO) radiation model with a 
variable absorption coefficient, weighted-sum-of-
gray-gases model (WSGGM), is then employed in 
the simulation. 
As combustion model, the Eddy Dissipation 
Model (ED) is used with a two-step global reaction 
mechanisms including CO.  
 
3.4. NOX and soot model 
For NOX formation, there are two major 
processes contributing to the total NOX. The first one 
is known as Thermal NOX or extended Zeldovich 
mechanism [11,12], and simply consists of oxidation 
of atmospheric nitrogen at high temperature 
conditions. The second one is called Fuel NOX and 
describes NOX creation from nitrogen, which is 
chemically bounded in liquid fuel. Although prompt 
NOX and N2O intermediate mechanism are also taken 
into account in the simulation, they showed to have 
little contribution to the total NOX formation by a 
comparative analysis. 
Concentration of [N] is assumed in a quasi-
steady state according to its nearly immediate 
conservation after creation, and concentrations of [O] 
and [OH] are calculated by partial equilibrium 
approaches [13,14,15]. 
Fuel NOX formation is dependent on the local 
combustion characteristics and the initial 
concentration of nitrogen-bound compounds. Fuel-
bound compounds that contain nitrogen are released 
into the gas phase when the fuel droplets are heated 
during the devolatilization stage. Then nitrogen 
transforms to NO via intermediates, which usually 
are hydro-cyanide HCN and ammonia NH3 [16]. In 
the present study, the intermediate HCN is supposed 
to be the main route. 
For soot formation, the two-step Tesner model 
[ 17 , 18 ], which predicts the formation of nuclei 
particles, with soot formation on the nuclei, is 
employed. 
 
3.5. Boundary conditions 
As mentioned above, in the present study, 
simulation of heavy fuel-oil combustion in the boiler 
is separated into two steps. In the first step, the inlet 
boundary conditions of the primary and secondary air 
are used in the cold state without burning spray. The 
velocity components, the kinetic energy, k and the 
turbulent dissipation,   at a cross-section between 
the stabilizer and the air registers are then calculated. 
They are further used in the second step as the inlet 
boundary conditions of the primary and secondary air 
at the defined cross-section to simulate the hot state 
with the burning spray. In a typical case with a power 
of about 5 MW, a mass flow of 0.5927 kg/s of 
primary air and a mass flow of 1.7781 kg/s of 
secondary air is used at a temperature of 373 K. 
The lower heating value of the employed heavy 
fuel-oil is 40.36 MJ/kg and the average molecular 
weight is about 268 kg/kmol. There is 0.42 wt% 
nitrogen contained in the fuel-oil. The mass flow of 
the heavy fuel-oil is 0.1363 kg/s and the steam/oil 
ratio is about 0.06. The fuel-oil is heated up to 353 K 
to reach a proper viscosity for atomization and the 
steam is injected with a temperature of 493 K. Since 
the properties of the used heavy fuel-oil, as well as 
the detailed reaction mechanism are not well known 
yet, the heavy fuel-oil in the simulation is treated as 
one single component, C19H30, whose molecular 
weight is 258 kg/kmol and lower heating value is 
40.49 MJ/kg.  
An empirical Rosin- Rammler distribution of 
droplets size with a cone angle of 6

 is used in the 
simulation. The mean diameter of the droplets is 
50 m . The droplets are assumed to be injected into 
the boiler through each oil outlet with an initial 
velocity magnitude of 35 m/s. 
Table 1 shows the inlet conditions of air, fuel 
and steam. The predicted velocity components at the 
defined cross-section from the first step of cold state 
lead to mass flow rates of primary and secondary air 
both within 1% error. 
In order to move towards HiTAC conditons, two 
cases are simulated. In one case (case 1) the 
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temperature of both primary and secondary air is 
increased to 746 K, and in the other case (case 2) the 
mass fraction of O2 is decreased to half. The above-
mentioned two-step simulation is used in both cases. 
 
Tab.1. Inlet conditions of air, fuel and steam 
Primary air mass flow rate (kg/s) 0.5927 
Secondary air mass flow rate (kg/s) 1.7781 
Air temperature (K) 373 
O2 in the combustion air (wt%) 23.0650 
H2O in the combustion air (wt%) 0.7407 
Fuel mass flow rate (kg/s) 0.1363 
Fuel temperature (K) 353 
Steam mass flow rate (kg/s) 0.0082 
Steam temperature (K) 493 
 
Tab.2. Inlet conditions of combustion air in four cases 
Composition Case 3 Case 4 
Primary air  kg/s wt% kg/s wt% 
Percentage of FGR - 5 - 0 
O2 0.14268 20.06 0.13671 23.065 
CO2 0.02046 2.877 0 0 
H2O 0.01024 1.44 0.00443 0.747 
N2 0.53776 75.607 0.45158 76.188 
Total 0.71125 100 0.59271 100 
Secondary air kg/s wt% kg/s wt% 
Percentage of FGR - 15 - 20 
O2 0.42803 20.06 0.43399 19.269 
CO2 0.06139 2.877 0.08185 3.634 
H2O 0.03072 1.44 0.03653 1.622 
N2 1.61327 75.607 1.69945 75.454 
Total 2.13376 100 2.25231 100 
Primary+secondary 2.84502 - 2.84502 -  
   
Composition Case 5 Case 6 
Primary air kg/s wt% kg/s wt% 
Percentage of FGR - 10 - 8 
O2 0.14864 17.913 0.14625 18.694 
CO2 0.04093 4.932 0.03274 4.185 
H2O 0.01605 1.934 0.01373 1.755 
N2 0.62394 75.192 0.58947 75.343 
Total 0.8298 100 0.78238 100 
Secondary air kg/s wt% kg/s wt% 
Percentage of FGR - 10 - 12 
O2 0.42206 20.944 0.42445 20.578 
CO2 0.04093 2.031 0.04911 2.381 
H2O 0.02491 1.236 0.02723 1.32 
N2 1.52709 75.778 1.56156 75.707 
Ttotal 2.01522 100 2.06264 100 
Primary+secondary 2.84502   2.84502   
Furthermore, as will be discussed later, since O2 
concentration shows considerable contribution on the 
decrease of peak temperature in the boiler, further 
numerical investigation is done with recycling 
various ratios of flue gas (FGR) into the primary and 
secondary air, respectively. It is done for the 
introduction of various O2 concentration conditions 
for the primary and secondary air flow. Four cases 
which are possible for application in the field test are 
simulated and compared with the base case. 
Boundary conditions of the primary and secondary 
conditions are shown in table 2. 
 
4. Results and Discussion 
Fig.5 shows the temperature contours at x=0 mm 
section of case 1 and case 2 (the same legend) in 
comparison to the base case. With a preheated 
combustion air up to 706 K, the peak temperature, 
PT in the boiler increases from 2240 K (the base case) 
to 2390 K. Although the temperature difference 
between the combustion air temperature and peak 
temperature 
DT , is reduced from 1870 K to 1640 K, 
the larger peak temperature zone leads to higher NOX 
formation in the boiler. Case 2 with reduced O2 
concentration in the combustion air shows a 
remarkable decrease of  
PT , from 2240 K in the base 
case to 1510 K, and 
DT  is reduced to 1240 K as 
shown in table 3. The average NOX emissions at the 
outlet of the boiler, 
XNO
M are also shown in table 3. 
Due to 150 K higher of peak temperature, the NOX 
emission in case 1 is over two times higher than in 
the base case, i.e. it increases from 987 
mg/m0
3
@3%O2 to 1992 mg/m0
3
@3%O2. In contrary, 




The results of 
PT and XNOM
without the soot 
model are also shown in table 3. The soot model 
shows considerable influence on the peak 
temperature and NOX emission, especially for the 
case with hot combustion air flow (case 1). The peak 
temperature is 140 K higher and the NOX emission is 
almost three times higher without soot formation in 
the model. Although the calculated values can only 
be used qualitatively due to the complexity of the real 
heavy fuel-oil combustion, the trends demonstrate the 
influence of temperature and O2 concentration of 
combustion air on the flame and NOX emission. As a 
result, further investigation is focused on the 
influence of the O2 concentration in the primary and 
secondary air, taking into account the feasibility of 
operation in the field test (over-reduced O2 
concentration in the combustion air may lead to 
operating and ignition problems in reality). Various 
ratios of flue gas are then designed to be recycled and 
are introduced into the primary and secondary air 
respectively for introducing various O2 concentration 
conditions of combustion air flow. 
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Fig.5 Temperature contours (K) at x=0 mm section in 
case 1, case 2 and the base case 
 
Tab.3. Predicted 
PT , DT  and 
XNO
M in case 1 and case 2 




Case 1 Case 2 
Peak temperature
PT  (K) 2240 2390 1510 
Temperature difference






987 1192 3 
PT  without soot model(K) 2280 2530 1510 
XNO
M without soot model 
(mg/m0
3@3%O2) 
1470 5337 4 
 
Fig.6 shows the temperature contours at x=0 mm 
section of case 3 to case 6 with the same legend. 
These cases are compared with the base case. The 
predicted 
PT and DT , together with XNOM
, is shown 
in table 4.  
According to the investigation on the 
composition of the NOX formation in the base case, 
about 40% percent of the NOX emission comes from 
thermal NOX in the base case. However, with the flue 
gas recirculation, the structure of the flame changes, 
especially in case 5 and case 6, whose O2 
concentration in the primary air are reduced more 
than the other two cases. The peak temperature is 
reduced, and in consequence the thermal NOX 
emissions are all reduced to a low level in the four 
cases, leaving the fuel NOX being the dominant NOX 
source. Though in case 5 the NOX emission is a bit 
higher than the other cases (in which the fuel NOX 
formation is found to be an important effect), its peak 












Fig.6 Temperature contours (K) at x=0 mm section in 










PT , DT  and XNOM
in case 3 to case 6 
 Case3 Case4 Case5 Case6 
Peak temperature
PT  (K) 1990 2010 1930 1960 
Temperature 
difference
DT  (K) 







302 292 317 283 
 
5. Conclusions 
In the present study, the heavy fuel-oil 
combustion in a 9MW boiler was numerically 
investigated. The Euler-Lagrange method and the ED 
model with a two-step global reaction mechanism 
were employed. The standard k-  model is used for 
the turbulence, and an empirical droplet size 
distribution is used for the spray injected by a steam 
blast atomizer. 
Simulation results with the existing burner 
showed that increasing of the temperature of the 
combustion air from 373 K to 746 K leads to a higher 
peak temperature from 2240 K to 2390 K, while 
reducing O2 concentration of the combustion air from 
23.065 wt% to 11.5325 wt% results in more uniform 
temperature distribution with a peak temperature of 
1510 K.  Further investigation was done with 
recycling various ratios of flue gas into the primary 
and secondary air respectively for introducing 
various O2 concentration conditions for the 
combustion air flow. Four cases which are possible 
for application in the field test were then numerically 
studied and compared with the base case. The 
predicted temperature difference between the average 
temperature and the peak temperature 
DT , showed 
that the case with the lowest O2 concentration in the 
primary air has the least temperature difference in the 
boiler. It was also shown that besides thermal NOX, 
fuel NOX is also one of the dominant contributions to 
NOX formation in heavy fuel-oil combustion. By 
introducing flue gas recirculation, thermal NOX can 
be reduced to a very low level, leaving the fuel NOX 
playing the dominant role. The interaction between 
soot and radiation also showed considerable 
influence on the predicted temperature profiles. In the 
case with hot combustion air, the peak temperature 
was reduced by 140 K and the NOX emission was 
reduced to about one fourth. 
As a result, for heavy fuel-oil combustion, a 
more uniform temperature distribution in the boiler 
can be achieved by diluting the primary and 
secondary air flow with flue gas recirculation and 
thermal NOX can be effectively reduced, while the 
remained fuel NOX formation is mainly dependent on 
the local combustion characteristics and the initial 
concentration of nitrogen-bound compounds. 
Realization of HiTAC condition in heavy fuel-oil 
combustion depends on the possibility to guarantee a 
feasible and sufficiently high level of entrainment of 
flue gas into the evaporating spray jet. 
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